Abstract
Introduction
Piezoelectric materials have been widely used as actuators and sensors in smart structures and systems for their effective capability of conversion between mechanical and electric fields. Piezoelectric actuators are often made by bonding piezoelectric sheets to get better performance; however the bonding will cause severe interfacial stress concentration, and as a result triggers the initiation and propagation of micro-cracks near the interface, and early failure of the devices [1] . Functionally graded materials (FGMs) have no distinct interfaces and the material properties vary in in one (or more) direction(s), which may enhance their mechanical characteristics and make them suitable for various applications in harsh environments [2] . A class of piezoelectric materials with graded properties, called functionally graded piezoelectric materials (FGPMs), has been developed to remove issues of the traditional layered piezoelectric elements and thermo-electro-mechanical properties of the structures made from FGPMs have been extensively analysed by many researchers [3] [4] [5] .
Smart structures with simultaneous precision positioning and vibration suppression capabilities have many potential applications in military and space structures to enhance their structural performance. However, this is more challenging than precision positioning or vibration suppression alone, since the control design must take care of static and dynamic features of structures including positioning accuracy, rapidness of tracking, and vibration attenuation. Up to now, much attention has been paid to the design, analysis, experiments and industrialization of active vibration/noise control of intelligent structures with piezoelectric sensors and actuators or [6] [7] [8] [9] or to the analysis and design of static and dynamic shape control and positioning [10] [11] [12] [13] . This work focuses on simultaneous precision positioning and vibration suppression of smart structures made of FGPM . This paper consists of finite element modelling of smart beam, PID control scheme and its implementation in the ABAQUS FE commercial code. Furthermore, parameter study of the controller for simultaneous precision positioning and vibration suppression of structure followed by the conclusion is discussed here.
Finite Element Modelling and Controller Integration
For this study, the system is selected as a cantilevered bimorph functionally graded beam with fixed boundary condition for one end. The method used to model the FGPM beam is based on assumption of the FGPM structure being a laminated beam which consists of a number of laminae. The material properties within each laminate are assumed to be invariant. The beam is modelled by two morphs of FGPM assuming each morph includes finite number of layers within each the material properties are constant. where  is the graded index , y is distance from bottom surface of the morph and h is the thickness of each morph. It is worth mentioning that both morphs have the same material properties and the only difference is that they have opposite polarization directions (one in +y direction and the other in -y direction). The material properties at y=0 are those of PZT-4 given in [1] and shown in Table 1 . A graded index of value 3 is used herein. Fig. 1 shows a schematic diagram of the model considered in this study. This Active FGPM Beam is modeled using ABAQUS FE code. A PYTHON script is developed for such simulation which starts with the definition of the variables for the FGPM structure dimensions as 25 cm in length, 5 cm in width, and 1 cm in thickness. Next, the two dimensional mechanical properties and electromechanical properties are defined. CPE8RE element [14] is used for the FGPM beam meshing with variation of material properties implemented in the FE model using USDFLD subroutine. A FE modal analysis is also performed and the beam first natural frequency is evaluated to be 37.83 Hz. The time step interval needed for the transient analysis is selected as 0.002 seconds for this study. The structural damping used for the FGPM beam is assumed to be a constant value of 0.001.
A closed-loop control block diagram for smart structure control is shown in Fig. 2 . The controller type can be selected based on the performance requirement, complexity in design and implementation, etc. In this paper, PID controller is selected due to the fact that it is simple and does not require controlled plant information. In Fig. 2 , e represents the tracking error, which is defined as the difference between the desired output (R) and the actual output (Y), i.e. e=R-Y. In this work, actual output (Y) is represented by the value of the displacement in the y-direction corresponding to the beam tip (see Fig. 1 ), and it is calculated at each time step during the transient analysis. The error signal is sent to the controller, where both the integral and the derivative of this error signal are computed. The required actuator voltage, i.e., the control signal represented by V a in Fig. 2 , can be calculated by using Eq. (1), which includes proportional (P), integral (I), and derivative (D) parts:
where K p , K i , and K d are the proportional gain, integral gain, and derivative gain of a PID controller, respectively. 
Selection of controller gains
This section focuses on the design of a controller that provides the best simultaneous vibration suppression and precision positioning in various disturbances such as free vibration, sinusoidal disturbances at different frequencies, and random disturbance.
In general, the beam tip must be deflected to a desired position and the vibration at the beam tip should be suppressed simultaneously. The beam vibration is either the free vibration caused by the beam move from one place to another or the forced vibration caused by the applied external forces at the beam tip. Here the external loads are in forms of sinusoidal loads with different frequency values as well as a random force. The proper gain values of the controller will be determined based on the best positioning accuracy and vibration suppression capability. The beam tip and its corresponding displacement in the y-direction serve as the sensor location and sensor signal, respectively. To compare the vibration reduction capability of the controller, a certain DC voltage is applied to deflect the beam tip to a desired position (i.e., some specific displacement in the y-direction) and meanwhile to excite the free vibration of the beam. It should be noted that the DC voltage is different from the controller output, and is not necessary to know in practice. The introduction of the DC voltage is solely for comparison purpose. This DC voltage is determined by applying it to the beam to achieve the same displacement as the desired displacement (R) at the beam tip. The steps for determining the DC voltage are the following: (a) supplying a dummy voltage, represented by variable (V d ), to top surface of the beam and measuring the displacement in the y-direction, represented by variable (D d ); (b) using linearity assumption and Eq. (2) to calculate the DC voltage (V dp ) needed to deflect the beam tip to the desired displacement (R). For example, the calculated DC voltage to deflect the beam tip by 0.1 mm is 375 volts.
After applying the DC voltage V dp to the beam, the beam tip will deflect to the desired displacement with some vibration and this displacement including static and dynamic parts is recorded for comparison purposes. The static part of the displacement is the desired position and the dynamic part is the free vibration of the structure or the free vibration plus the forced vibration if an external force is also applied at the beam tip. These records are shown in Figs. 3 and 4. 
Characteristics of the proportional gain (K p )
To determine the proper gain values for the controller, the tip of the beam is expected to deflect 0.1 mm (R) in the y-direction. Fig. 3 shows the uncontrolled and free vibration transient response when the beam tip is deflected by 0.1 mm. The effect of different proportional gain values on the vibration suppression of the beam tip is shown in Fig. 5 . As mentioned earlier, the tracking error is the difference between the desired displacement (R) and the actual output (i.e., the value of the displacement sensor at each time step). The results indicate that the K p has effects on both reducing the overshoot and the rising time. Also increasing the value of K p has effects on reducing, but never eliminating, the steady-state error. However, too large K p causes large free vibration oscillation which means that the stability margin of the system is getting smaller. K p value of -4.5×10 5 is selected here. 
Characteristics of the integral gain (K i )
To examine the characteristics of the integral gain (K i ), different K i values are assigned as the selected K p value is kept constant. 
Performance evaluation of the controller due to external sinusoidal and random forces
The controller performance effectiveness is evaluated when the beam tip is deflected by a specific amount and simultaneously is subjected to different types of external loads such as sinusoidal with different frequencies as well as random force. Different desired positions (R) with magnitudes of 0.1 or 0.2 mm are also employed in the formula measuring the tracking error. Effect of the controller on achieving a proper positioning and vibration suppression when the beam tip is subjected to a sinusoidal excitation force at 40 Hz and an imposed desired position of 0.2 mm is shown in Fig. 8a . A similar simulation is also performed when the desired position is set at 0.1 mm. The results indicate that as the desired position value increases from 0.1 to 0.2 mm the corresponding control response has smaller oscillation meaning that the controller performs better vibration suppression initially and almost identically at the later time. For position control, the tracking error (e) would be the difference between the desired displacement (R) and the actual displacement output (Y). It should be noted that the actual output is the beam tip displacement calculated for each time step during the transient analysis. The percentage reduction in the vibration amplitude is about 89.4% and almost independent of the desired position. On the other hand, as the frequency decreases the performance of vibration attenuation degrades but once again is independent of the desired position (see Fig. 8b ). The percentage of vibration amplitude reduction decreases to 52.8% when the frequency decreases from 40 to 20 Hz. It appears that the settling time is almost identical for the two sine cases and independent of the frequency value. Similarly, the beam tip is deflected by a specific amount and simultaneously subjected to an external random excitation force when the controller once again is employed to examine how fast it can reach the desired position and how well it can suppress the vibration. Fig. 9 shows the random excitation force as a function of time with maximum force value of 1 (N). Fig. 10 shows the comparison between the uncontrolled and controlled transient response under the random vibration when the controller is employed. The desired position is 0.1 mm. Once again, the results indicate that as the desired position increases or the beam tip deflects more, the control response curve becomes less distorted and reduces the settling time by a very small amount (see Fig. 10 ). It appears that regardless of the types of the external loads, the controller is able to reach the desired position almost at the identical settling time of about 0.12 seconds. The actuator voltage values have two parts, one is DC part for positioning and the other is AC part for vibration suppression. The DC part of the control voltage changes linearly with desired position from 0.1 to 0.2 mm; however, the AC part remains the same since the sinusoidal disturbance does not change (see Fig. 12a ). It appears that the AC part of the actuator voltages have the same frequency as the applied external sinusoidal load. Fig. 12b shows the comparison between the required actuator voltage values for the external sine load having different frequencies while the desired position is held constant at 0.1 mm. It is clear that the AC part of the actuator voltage curves represent the same frequencies as the applied external sine load; namely, 20 Hz and 40 Hz, and the DC parts are the same since the desired position is the same (see Fig. 12b ). 
Discussion on the results
Characteristics and the best gain values of the controller are summarized in Table 2 . The controller is used to examine how fast it can reach the desired position and how well it could be for vibration suppression. Results indicate that the steady state error reaches zero at about 0.12 seconds. On the other hand, when the controller is used to perform only vibration suppression, the vibration amplitude reduction percentage is 90.2% (see Table 2 ). 
Conclusions
A FE environment with modelling, control design, and transient simulation capabilities is successfully developed and employed to study the performance of PID controller for FGPM beam with simultaneous vibration suppression and precision positioning. The controller satisfies both requirements of reaching the desired position in a very short time as well as performing vibration suppression.
Vibration suppression worsens for the controller as the frequency value decreases for the structure in this study. Vibration suppression gets better as the desired position increases. The controller is able to reach the desired position in about 0.12 seconds.
